A triaxial projected shell model including configurations with more than four quasiparticles in the configuration space is developed, and applied to investigate the recently reported five chiral doublets candidates in a single even-even nucleus 136 Nd. The energy spectra and transition probability ratios B(M 1)/B(E2) are reproduced satisfactorily. The configuration mixing along the rotational bands is studied by analyzing the intrinsic composition of the eigenfunctions. The chiral geometry of these nearly degenerate bands is examined by the K plot and the azimuthal plot, and the evolution from the chiral vibration to the static chirality with spin is clearly demonstrated for four pairs of partner bands. From the features in the azimuthal plot, it is difficult to interpret the other candidate as chiral partners. * mengj@pku.edu.cn 1
the K plot and the azimuthal plot, Chen et al. illustrated the evolution from chiral vibration to static chiral rotation in the framework of PSM [40, 41] . As a result, the PSM has become a powerful tool to study the chiral rotation.
Recently, five pairs of nearly degenerate bands were observed in the even-even nucleus 136 Nd [50] , in which the energy spectra, total angular momenta, and B(M1)/B(E2) ratios are described with the microscopic and self-consistent tilted axis cranking CDFT [2, 32, [51] [52] [53] [54] [55] [56] . Of course, the descriptions of the energy splitting and the quantum tunneling between the partner bands are beyond the mean-field approach. In Ref. [57] , the PRM has been employed to investigate the chiral doublets candidates in 136 Nd. The energy splitting, quantum tunneling and the chiral interpretation for the five pairs of doublets are given.
In this paper, a triaxial PSM including configurations with more than four quasiparticles in the configuration space is developed, and applied to investigate the five chiral doublets candidates in the even-even nucleus 136 Nd. The energy spectra and B(M1)/B(E2) ratios are calculated and compared with the data, and the K plot and azimuthal plot are provided to understand the chiral geometry.
The present PSM is based on the following pairing plus quadrupole Hamiltonian [58] ,
in whichĤ 0 is the spherical single-particle shell model Hamiltonian. The second term is the quadrupole-quadrupole interaction and the last two terms are the monopole and quadrupole pairing interactions, respectively. The intrinsic vacuum state |Φ 0 is provided by the solution of the variational equation,
represent the qp creation (annihilation) operators of proton and neutron, respectively.
The violated rotational symmetry in the intrinsic multi-qp states |Φ κ is restored by projection
in whichP I M K is the three dimensional angular momentum projection operator [58] ,
The pairing plus quadrupole Hamiltonian is then diagonalized in the projected basis thus obtained,
in which σ specifies different eigenstates of the same spin I. The norm matrix element
KK ′ |Φ κ ′ and the energy kernel Φ κ |ĤP I KK ′ |Φ κ ′ can be calculated with the efficient Pfaffian algorithm [59, 60] .
By solving the Hill-Wheeler equation (6) , one can get the eigenvalues E Iσ and the corresponding eigenfunctions
and the physical observables, such as transition probabilities B(M1) and B(E2), can then be calculated.
For each eigenfunction |Ψ σ IM , the composition of intrinsic multi-qp state |Φ κ can be calculated by its weight
where the orthogonal and normalized collective wavefunctions g Iσ (K, κ) [40] are
The collective wavefunctions g Iσ (K, κ) can be used to construct the K plot [40] , i.e., the probability distribution of the angular momentum components in the intrinsic frame,
The azimuthal plot depicting the probability distribution profile for the orientation of the angular momentum on the (θ, φ) plane in the intrinsic frame, is defined as [40] 
where (θ, φ) are the tilted angles of the angular momentum with respect to the intrinsic frame. The collective wavefunction G II (ψ ′ , θ, π − φ, κ) is as follows [40] ,
The five chiral doublets candidates (bands D1-D5 and their partners) observed in 136 Nd [50] are investigated by the PSM. The strengths of monopole and quadrupole pairing forces in the Hamiltonian (1) are the same as in Ref. [61] . Three major shells (N = 3, 4, 5)
of the Nilsson energy levels are adopted for both protons and neutrons. The strength of the quadrupole force χ is determined by the quadrupole deformation parameters (β, γ) and the corresponding quadrupole moments [42] . The quadrupole deformation parameters (β, γ)
adopted in the present calculations are listed in Table I together with the configurations for each pair of the bands. The deformation parameters β are taken from Ref. [50] , where the self-consistent CDFT calculations were carried out. The deformation parameters γ given by the CDFT calculations vary from 19
• to 23
• for the five configurations. Considering the fact that the potential energy surface of 136 Nd is very soft in the γ direction, the deformation parameters γ are fixed to be 30
• for all configurations.
With the quadrupole deformations (β, γ), the intrinsic vacuum |Φ 0 in Eq. (2) and the corresponding intrinsic multi-qp states |Φ κ in Eq. (3) are obtained. From |Φ 0 and |Φ κ , the projected basis {P I M K |Φ κ } can be constructed. In order to optimize the computation, the configuration space spanned by the projected basis {P I M K |Φ κ } is built based on the configurations assigned in Ref. [50] . Due to the time reversal symmetry of the single quasiparticle state, a n-qp configuration has 2 n /2 degeneracy as shown in the sixth column of Table I . The truncation of the configuration space is confirmed by the convergence of the obtained energy spectra for the 4-qp bands. For the negative-parity 4-qp bands D3 and D4, the assigned configurations in Ref. [50] contain two h 11/2 quasi-protons and one h 11/2 quasi-neutron at almost the same deformation.
Therefore, same configuration space shown in Table I is adopted and the calculated results for bands D3 and D4 together with their partners are obtained simultaneously.
For the positive-parity 4-qp bands, with the assigned configurations in Ref. [50] , namely,
) for band D1, and ν(h 11/2 )(h 9/2 ) ⊗ π(h 11/2 ) 2 for band D5, configuration spaces shown in Table I are adopted. For the positive-parity 6-qp band D2, as shown in Table I , 32 degenerate states with configuration assigned in Ref. [50] are used to build the configuration space in present calculations.
The integrals of the norm and energy kernel over the Euler angles (Ω = ψ ′ , θ ′ , φ ′ ) are carried out in grids. It turns out that 16×14×32 = 7168 integral grids can provide convergent For bands D1 and D1-C, in consistent with the experimental data, the energy differences between the doublets are nearly unchanged, and the B(M1)/B(E2) ratios decline with spin.
For bands D2 and D2-C, the energy spectra at lower spins are overestimated, and the bump of B(M1)/B(E2) ratios around I = 21 can not be reproduced by the PSM calculations. These discrepancies might be due to the neglect of the 4-qp configurations in the present configuration space. The possible mixing of the 4-qp configurations with 6-qp configurations is also supported by the qp alignments in Ref. [50] .
For bands D3 and D4 together with their partners, the calculated energy spectra agree well with the data. For the B(M1)/B(E2) ratios, a strong staggering behavior is exhibited for bands D3 and D3-C, and the data are somewhat underestimated for band D4.
For bands D5 and D5-C, in consistent with the data, the decreasing trend for the energy differences between the partners with spin is reproduced. For the B(M1)/B(E2) ratios, the calculated results agree well with the data which have been measured for both yrast and yrare bands.
From the eigenfunctions in Eq. (7), the weight W κ of the n-qp state |Φ κ can be calculated by Eq. (8) . Summing over the W κ for the n-qp states with the same qp excitation energy E x in Table I , the compositions of configurations for bands D1, D3, D4, D5, and their partners are depicted in Fig. 2 .
For bands D1, D4, and D5, the compositions of configurations are respectively similar to their partner bands, which is in agreement with the expectation of the chiral rotation. The chiral geometry can be illustrated clearly by the K plot and the azimuthal plot [40, 41] .
In Fig. 3 , the K plots, i.e., the K distributions of the angular momenta along the three principle axes, are given for the five chiral doublets candidates in 136 Nd.
For bands D1 and D1-C, the K distributions at I = 15 and 19 are given in the left two columns of Fig. 3 . The main change of the K distributions occurs on the i axis. At I = 15 , the K distribution for band D1 along i axis peaks at K = 0 , in contrast to the vanishing K distribution for band D1-C. This is the typical feature of zero-and one-phonon states, which is interpreted as the chiral vibration with respect to the l-s plane [29] . At I = 19 , K distributions peak at K = 15 for both bands D1 and D1-C. This suggests that the collective rotation around the i-axis develops and the angular momenta deviate from the l-s plane. The similar K distributions for bands D1 and D1-C suggest the occurrence of the static chirality. Similarly, the evolutions from chiral vibration to static chirality can be found in Fig. 3 for bands D2 and D2-C, D4 and D4-C, and D5 and D5-C.
For bands D3 and D3-C, however, the pattern is slightly different. As shown in Fig. 3, at I = 17 , chiral vibration with respect to the l-s plane disappears due to the strong configuration mixing. At I = 21 , the K distributions exhibit similarity, which might suggest the appearance of static chirality. The examination of the azimuthal plot can further clarify the corresponding chiral geometry.
In Fig. 4 , the probability distribution profiles for the orientation of the angular momenta on the (θ, φ) plane, namely the azimuthal plots [40, 41] , for bands D1-D5 and their partners are shown with the same spin as in Fig. 3 . From the features in the azimuthal plot, it is difficult to interpret bands D3 and D3-C as chiral partners. In Ref. [57] , the calculations of particle rotor model have been performed for configurations with three single-j shells to describe D3 and four single-j shells to describe D4.
Except for band D4 with I ≥ 19 , the calculations of particle rotor model do not agree well with the data. Future microscopic studies for bands D3 and D3-C, e.g., three-dimensional tilted axis cranking covariant density functional theory [32] , would be interesting. 
